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S e a s o n a l  Charaderistics  of the Perennial  Ice (;over

o f  the l~eaufort  Sea

1{. li\~oli.  J. (’. CoIniso  a]ld G. l:. (’unni IlgllaIn

A b s t r a c t

IIy dcfiIlitlion, icc whit]) survives the sunlIncr  is classified as multiyear ice. ‘1’lius, the area

covmwl  by multiycar ice cluri)lg  the }vinter should t)c ncar]y  equivalent to tllc iw area durill~

tllc l)rcvious  sumnlcr’s lnilli]na. ‘~’l)is condition  })rovicles  a reasonable criterion for the clal-

uation  of icc concmltratio  Il m]ci  ice type retrieval algorithms usi Ilg ronotc scvlsing  dat, asets.

l“rc)IIl  SSN41 data, the NASA ‘Ycalll  algorit}ln)  estimates the Inultiycar, first-year aI)cl total  ice

cwl)ccntratiol)s  during tl)c \Yintcr using  coml)iliations  of t}lc polarizatio]l  ant] sl)cctral gracii-

cmt ratios. ‘1’hc ~’cam algorithln  ])roviclcs  only csti]natcs  c)f ice conccmtratio  Il ill t]kc sum]ner.

l’rc)In 1;1/S-1 SAli clata.  the rcm~arka\)ly  stable contrast  bctwccn multiycar ice allcl  f i r s t -yea r

icc })rovidcs  co)lsistcmt csti Inatm c)f lnu]t iycar  ice cc)llcc)ltratiol)s. in the summer, multiycar

icc colicentratlic)n  call])c)t  be cstinlalec]  frc)n)  S.41{ c)r SSilfl  d a t a  b e c a u s e  f r e e  water oII tllc

surfdw effect ively masks t})c l)ackscattcr  allcl  emissivitj’  signature of this iw type. l“rc)lll

SAI{ clata,  a tecllnic]ur  ~vl]icll  takes aclva]ltage  of the n i g h  hcliscatter  of ~~illcl-]c)ugl](,l]e{l

O])CII  water as a discri  I~lillatio  Il feature is used tc) estimate  the tc)tal ice c.ollccntratioIl  iIl tllc

Su]]lmc!r. W i t h  a  year loIIg (JaII 92 tcj Ja]] 93) datasci  from the lkaufort  Sea, w foullc]

t h a t  tlIc nmltiycar  ice coI)cclltratioIl  cstilllatm fro]]) t]le SA1{ d a t a  to 1)(’ very  stal)l(’  aIId

)< l)carly  equivalent to tile ice cc)l)cclltratiol)  (>stimatec]  at t}ic encl of t}le p rev ious  sulnnx’r.

\J/e c,c)l~trast  t})is ~,itl~ t])~ ~,arja})j]jt],  of t]]e h~)’ ice c,on~entratjol)  an(] ice fract,ic)ll  e s t i m a t e s

ol)tail)ed  usiI)g SSh41 data.  ‘] ’]](’  ‘1’caII) a lgo r i thm produces  ice collccnltratio)l  aIId lnultiy(:ar

icc cstjmates  which arc collsistc]ltly  lcnwr tl)all those from tllc SAIi  clata.  We suggest  rea-

sons for these  discrepancies and  discuss tile iln~)]ications  of tlic higl]er  tlla)l  ])reviously  Ilote(l

II)ultiyear  ice concentratioxls  oIl Inass  balance stuclies.
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1  Introduction

‘]’I]c total ice and multiycar  ice col]cmltratio]ls  mtimatcd  us ing  tllc  X.-\STf sea icc algoril.  h]l]

[Cavalic:ri  ef al.. 19S-1] or ‘1’eam algorithln  provide a fairlv  long teln}Joral  record  of t llc cllarac-

tm of’ tllc  IJolar ice coi~cr using  data froln  tllc  Scallni]lg  hlulticllanllel  hlicroi~alc  l{adiolllrtcr

(Shjh41{) and its successor, the S~)ccial  %]lsor hlicrcnva~’c lma.gm (SShl  I). If the seasonal

records arc examined,  o]le fillcls  that tllc  retrieval algorithm pro~’ides estilnatm  of Inultiycar

ic(> collccl]tratioll  ill the Jvintcr  lvhicll  arc Inucl]  lower (b~. u}) to 30(70) tl)all t ha t  o f  tl)c su]ll-

]]mr ic.c col]ccntratioll.  I:rOIIl  .311 ice La]ance  l)crspcctive , sucli large disc. rc})allcies IJecd to be

Iwolvcd.  If ice whit]] survives tile  su]n]nc]  is classified as Inultiyca]  ice. tllcvl Illc nlultij’cal

ice cxnlccntration  clurillg tllc winter slloulcl  be Ilcarly  equivalent to tile  ice Collcclltratioll  dur-

ill?; tllc  previous summer’s minima, differing  by an amount due to melt. ridgi]lg.  nmv/youllg

ice formation  al)d export  of ice from tllc  Arc t ic . ‘1’his  lnislnatcll  was  Ilotml l.)~ a Ilu]nher  o f

investigators from the poi]lt  of l’imr  of variability of the multi  cllanlle]  nlicrolvave  signatures

of sea ice frolll SSh41 ill rcgiollal  s tudies  [~’llon~as, 1 993] al)c]  surface Illcasurcmlcllts  [G7f~/fr//

a71d IA2hanz!ck.  1  9 8 5 ;  CJrC7/~rll,,’l  992], a n d  froln  an ice Lalal]cc  point, o f  vicnv [Comiso,  1 9$)0: ‘

l{ot}lrock and  7’lloln(ls.  1 991; No!llrock  CII)d 7’I1OI12QS, 1 993].

tile  oIlly lo]lg-krm  record of multiycar icc allcl  total

a]lalysis  of the passive microwave olwrvations.  ‘1’]lc

]nadc ])!’ l’1’ittman?~  a?ld ,$chule  [1 {)66]  w]licll gives  a

is lMSCCI  0]) aerial surveys. 11 is al)l)arc]lt  that lwttcr

lnultiycar  icc obwvatiolls  arc IJcwlcd  to cstahlish  the  true nature of tllc ice cowr. Valida-

tion] studies for the ‘lTca]n algoritllln  s}lows  overest imates ill solnc  areas alld Illl(lclcstilll;ltcs

to C.OU})lC a physical model al]cl tile  ‘1’caln algorithm mlalyscs  to ot~taill  optilnal  cstilnatm  of

tllc  total ice and multiycar ice cc~llccntratiolls  to mwcoInc soIne of tllc difficulties of tllc  tllc

raw obse rva t ions  and to provide a IIKJre collsisteut  kmporal  record of tllc ic.c cover. ‘1’l)e

Kallna]l  filter increases tlic  lvillter  lnultiycar  icc collcclltratiol]  al)d dccrcascs tl]c su]IIIncr  icc

1



co]lccntratio]]  so as to clilnillatc the iIlcoJlsislcllc}  t~ctw’ecn tllc  summer  and Ivillter  co]lccl I-

tratioll  estimates from the ‘J’cam algorithm. As tllcy  lloted, the filtmcd  est imates \Yould be

})iascd if the ]ncasuremcmts  arc thclnsclves  biased. ‘1’llcy  clcmollst ralcd that  tllc  assunll)l  io]l

of l)ure sigl]atlures  i])tmcluces  I)iascs ill tile  ‘1’eam algoritllln  e s t ima tes .

M7it,ll  t}]e launch of tllc  ];uropeall  };artll  l{crI]otc Se]lsirlg Satc]]itc (1;1/S-1  ) iI] .lul~- o f  19!)1 .

this  (’-hand Syllthctic  Al)erturc liadar  (SAI{)  has prm’idcd  a different  ~iew of IIIC ice co~w

t]]al]  t]lat offm’d  bj’ t}lc  SSh!l  SCll SO1. ‘1’l)e mucl) IJighm resolution allows  us to distillguisll

lJct\I’wlI  flom and lcacls lI)ost  of tile time. alicl  tllcrc is sufiicicnt  backscattcr  contrast l)et~vwl]

ice tyl)cs  that their iclentificatiorl  is }mssiblc under certain  collclitiolls  (discussed Inorc  later).

‘1’l]c limitations of scllsor  swath widt}l (1001ml), orbit  oricmtation  and lack of all ol]l.)oard  talw

I’cc.older, howc!vcx, did IIot provide a systcm suitable fol  Youtille  n~ol)itc)rillg  of tllc  Arctic

sca icc COWI ill tllc  SSh41 fas}lioll. IIowcvc:, coml)arisoli  of t}ie scasollal  record of regional

ice col]ccntratio])s  estilllatcd  at. coincident  SA1{ a n d  SShI1 location  s””~~; lmssible  and offer

anot}]cr  illdcpcv)dcnt  cllalactelizatioll  of the state of t}lc sca icc cover.  lIcw. we co]n})arc the

icc collccntratlio]ls  cleriwd froln  a set of S. Al{ data and the salne ic.c concmltratiolls  esi,in)atm]

IIsillg tile  ‘1’cam a lgor i thm.  g’lle qumtiol]s  wc Jvould like to ask am: (a) now’ clo tile  avmagr
[~ ,’”

total and multiyear ic.c co:lc.entratiol]s  vary over a seasonal cyc.lc~;  and, (b)  how accurate arc

tllc  cstin)atcx from passive lnicrowaw data? A colnl)arativc  study  of results froll) SSh41 a]ld

SA1{ data is ]nadc here to gain illsight  illto  so]Ilc answers to il]cse  questio]ls.

.4s a l)asis f o r  cvaluatioll  c)f the rctrieva] algorit,lllns, we  would  like to prcsellt a sim})lified

l~ic}v  of’ the c.llarackr  of tl]c aI]]lual cj.clc of tllc  Arctic sca ice cover (S1)OWII  ill l:ig.  1 ) l)ascd

01) our definition of multiycar ice, ‘1’hc validity of the estimates  of tile ice collccmtratio]l

ob{aillml  u s i n g  tllc q’cam ancl SA1{ a l g o r i t h m s  are lncasurcd  agaillst  tllcsc trcllds.  l]] tllc

willtcr,tl]e area]  extent, of multivcar ice rcn)ail]s  fairly constant  with a slllall dccrcase duc to

ridgi]lg  and export of ice tl]lougll  tllc  l“ralll  strait. ‘1’lic total ice conccmtratioll  stays close to

ullit,y because  water ill O])C]I lcwds  frwzcs ral)idly  at sutkfrcc7,i11g  tc]nl)craturcs,  ‘~’l]c first-year

ice concentration  increases as the ice ill prcvious]y  open  leads thickcms alld  al)lc to su rv ive

tllc mechan ica l  s t r e s ses  withi]]  the ice cover.  After t}lc  spring/summcx  trallsitiol],  tllc  total
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ice, lnultiyear  ancl f i r s t -yea r  ice col]centratiolls  w’ould start to decrease due to lalmal nlcll

bec.auscof tl)c above- f reez ing  air  tc1npcraturc5  throug}lout  tlle:lrctic.  \:crj’  littlcfirst-~car

ice i s  pmducccl  during  the summer. A t  the CIId o f  tile  sumlnm.  a l l  tl)c icc ill tll(> .4rctic

octal] bccolnes  mu]tiycar  ice (by d e f i n i t i o n )  resulti]]g  ill a sllar}) il)crease  ill tl]< l)lulli~car

jc(~ (c)l)ccl~tlat,jcjl]. (~o]]scqucl]tl~..  the multiyear icc co1]cc71tratio1~  al  this  Iilllc s h o u l d  I)c

mugli]y  equivalent to tile ice cc)l]ccwtratiol) at tllc  sulnmer’s end. ‘I’l]is  cj’clcjstllcl]  rcq)catvd

during  tl)c  llcxt  ice season. ll~c Ilotc  l]crc that this  is  mom valid  as a regional  licnv ralllcr

IJlall  a largcscalcvicw. OJI tllc  Arctic scale,  the seasonal transitions occur  at different dates

at difi_crellt  l o c a t i o n s  and the transit ions I,hclllsclves arc Ilot as shar})  as the vimy l)rmc)ltcd

11[’rc’.

III this study,  we present results of a comparative analysis of the multiyear ice col~ccntratiol]

estimates from the l’eam algorithm and the SAR retricwa]  algorithln  using  a dataset spall~lillg

January  1992 through January 1993. W’c also compare total icc collccntratiolls  ancl  discuss

tile  difl’erellces  in the three periods separated by the onset of melt,  during  tl)c s})rillF,/sllllll]l(:l

tral)sitioll  a]]d tile  f a l l  freeze-u])  clurillg tllc  s~lllltllcr/\\rilltcl  t$ra]lsition. ‘1’l)c difi’ermiccs  are

cxan)illcc] ill terms of consistcllc)’  ill tllc  analysis and tllc  effect of signature l’arial)ilitj’  o]]

tllmc mtimatcs. ‘1’hc iml)lic.atiol]s  of tllcse  d i f f e r e n c e s  0]1 the II)ultiycar  icc ba]anc.c and

conll)utatiol]  of the actual icc cover are discussed.

2 Data Descl*ipt,ion

lkgion oj Study

‘1’llc rcgio))  w c  sclectcd for tllc conlpariso]l  i s  show]) ill Y’ig. 2. ‘1’he sllapc of tile  castcrll

a]ld WCSLCIII boundar i e s  o f  tllc rcgjol) arc dcfinccl  by l{; l{,S- 1 orbits used ill this study. ‘J’IIc

soutllcrn  boundary  is at a~)proxi]nat,  ely 70C’N  and tile northcml  boundary is at al)})roxi]natcly

85(’N .
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ssM/1 1)(1  t (7

l~riglltl]css  tcm]wraturcs  frmn  a l l  SSM/1  cllallllels  lverc griddccl t o  a standard  rcctallgulal

])olar  s tereographic format for  analysis oftllc  dual ])olarizcd  Inultis])cctral  data.  l)ail~ a\-

cragcs  wcm  ma.ppcxl  to a 304 by 448 matrix Ivitll  a  g r i d  size o f  25 kIn t)y 25 1<111. olllj  tllc

]{] ;,ll~] 37(~]]~ ~]~a*~*lels  a,~ ~~s~d i]] t])~ r~t~i~~a]  Oft,ot,:i]  all(]  lnll]tiycar ice cc)l)celltlatic)lls.

‘~’l]c 22(;]17  clla]lllel i s  a l so  used  I)ut olll!  as aII oceall  ]nask. ‘~’llc radiolnctcr  obscrvatiol]s

a rc  IIladc at au allglc  of illciclcncc of 53.1C) at tllc  l~artll’s  surface and  at a slvath  \Yidtll  of

139’1’1;111.

We selected  a total  of 571 l~RS-1 SA1{ i m a g e s  bctwccll  J a n u a r y  1992 a n d  January  1993

for tl]c  comparative analysis. ‘1’his  rcprcsellts  ap~)roximaicly  44 illlagcs  ])er lllolltll.  A l l  tile

SAli i]nagcs  fo r  a  pa r t i cu la r  ]no]ltl] }vcre collcctccl witllill  a tllreedaj’  pe r iod  car]! ill tlic

JJIontl]. ‘1’l]e sensor  is  a (’-l)alld  (5.3(; 117) radar o})cratccl  with vcrtica] tralls]nit  alld receive

]Jolarizations  at a look angle  of 20(’. W’itllin  tile  autcmlla  b e a m ,  wllicll illulnil]atcs a swat]]

o f  a])proximatcly  100kIIl i]) wicltll, tllc  illciclalce  a]lglcs  o n  the grc)uIld  var~’ frolll 19“ a t

n e a r  ralig;e to al]nost, 26(’ at far range. ‘1’hc il]lagc data used in this study  were rcc.cived

a]ld IJroccssml at tllc  .Alaska S.Al{ l~acility (A SI+’)  ill F a i r b a n k s , A l a s k a .  l;acl] image fra]lle

‘ “rl’llCI ilnagc  data used ill this study  llavccovers  all area of a])~)roxilllatel~’  1001< 111 I)y 1001{111.

a sdlnp]c  spacing of 1 Oom. ‘1’llis  lower resolution data type was sdcctfecl  because t]]c lower

sl)cckle  colltcn(  r e d u c e s  tl]c ullccrtail]tj  ill tl)c cstilnates. Ancil lary data am ])rovidml wit]]

cacll illlagc  frame for calibration a]lcl collversio]l  of the S-bit  digital data into llorlnalizcd

t)ackscattcr  cross-sections.

‘1’l]e SAli allalysis  algoritl]n]s  w use rcquir~ ‘{ a calibrated clataset b e c a u s e  tllc i(lc]ltifiCiltiOll  ~’

of tile  sea icc ty~)cs  is based o]) tabulated cw}wctatiolls  of tllc backsc.attcr  [I(wok cf al., 1992].

(Mil)ration  of the radar is ]]wasurcd  ill a]] abso]utlc  and rdativc SC]ISC. ‘1’llc akolutc  calil~ra-

tion  accuracy metric quantifies the ullccrtail]t}~tllc  observed 110rnlali7,ccl  bac.kscattcr cross-
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scctioIl  (C7c, ) IIlcasurmncllt  relative  to t,lle actual c7C) of a d i s t r i b u t e d  target.  ‘]’~”l)ica]]j.  t])i~

a])~]cars  as a t)ias \vllell a]] idcmtica] target fmln two image frames (imagcx]  at different times)

are colnj)ared. ‘1’he in-scu)e  variallcc o f  a  radar  target k]io}vn to IIale uniforln  hackscatter

cross -scctioll  is Incasurcd  t>~’ tlic  rc]atil~c ca]it~ratiol]  ac~~l~acy of  t]l~ data.  l{e]ali~,~ ca]it~ra.

tiol] is usual  l)’ better  Ll)all absolute calibrdtioll  and  is casil~’ Inaintaillat.)le  es])cciall~’  if tile

radar sc]]sor is stable. ‘1’llc dat,a l)roducts  used ill this study  have cx]~ected absolute and

relative  accuracies of 2cll]  a]lcl  IcI]], respectively.

ll:i7~d  and ic7r2J)(:7’aiu7’eficlds

Slllfacc\\illdallcl  tcl~-]l>crat~l~  eficldsobtaillccl  flolllt  l~ef){>r;~N~ ltiol]al hflctcorologica]  (“c]lter 1

(Nh4(~)  wcregriddcd  at (2 .5”  l a t i tude  Ly 5C’101)git~lclc  glicl) at t w i t . c - d a i l y  intcvxal  ce]ltered  ,,*,

- (IOZ and 1200Z. in the NhlC a n a l y s i s  p r o c e s s ,  thcobscrvatiolls  am intcvq)olated  to a ~;rid.

lk.ausc  large parts of tile world have Ilo observat ions alld the data arc not takml  at OIIC

ti]lle (observatic)ns  am il]cluded  if it is within  6 l]OUIS of tllc  forccaset t ime) ,  INhf(’ uses a

Illodc’] fo recas t  to l]clp lvitl) tl]c intcrl)olatio]l. Tl]ercfore, tl]c data ])rovidccl  arc a I)lcl]d  o f

ol)scrvatiol]a]  al]d lnodel  d a t a ,  Wllilc  tile  tem])eraturc fields may  IIOt rcprmmt tile  actual

])]lysica]  s u r f a c e  a i r  tem])erature  duc  to  u]]certainty  i~l the INh4(’ alla]ysm (ty])ica]]y  tile

teln]mat,urc  f i e l d s  am biasec{  due to difiicu]ty  ill model]ing  tllc  illvcrsioll  la~m),  tllcj are

I)cvcrtllcless  good i]ldicators  of tllc  surface co]lditic)lls.

3 Data Analysis

\vc describe the algorithlns  used il) our aIlalysis  and their CX])CKLCK1  })recisioll. ‘J’hc clctails c)f

tllcse  algorit}llns  and tl]eir limitatio])s,  es~)ecially the ‘1’ealn  algoritllln,  IIavc }JCCI] d i s c u s s e d

ill tllc  references provided }mlo}v. IIcrc, wc provide a ]norc  dctailecl  accounting  of tl]c SA1{

algorithlns  si]lce they am relat ively recent  clcveloprncllt,  s. 11] tile rcnllotc sellsil)g of tl)e  icc

types of interest here, we would like tl]e icc layer  rather that the

tl]c largest contribution to tllc  observed signature suc]l that tllc

5
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IIriglktllcss  tcnn]~maturcs  frmn  all SShl/1  cllallllels  were  griddcd  to a  s t andard  rm-tall~ular

l)olar  stereographic format for a]lalysis  of tllc dual ~jolari7,cd  ]nultisl)cctral  data. l’sillg  tllc

s])cctral  g r a d i e n t  ratio (G]{) at 3i’ GIIz a n d  19 Gllz, allcl tllc  ])olarizatioll  ratio (l)li.  ) a t

19 Gllz, t,hc concentrat ion of  ol)cn water, f i r s t - y e a r  ice and )nultiycar  ice are com~)utecl

a t  cacll 25 km ccl] usillg  tile  N A S A  l’caln  a l g o r i t h m  [L’avclicri  ci al., 19S4:  Glorrsr:n  and

Cavalicril  1 986]. l’he procedure to csti]nate the total ice a]lcl ice ty~w cc)llcclltlatiolls  ill al]

SSM1 pixel  is based  03) a lllixing, for}nu]ation  wllicll assumes that lnultiycar  ice, first-year ice

a]ld o~)ell water have tcln~)orally  a]]d sl)atiallj’  staljlc s ignatures. ‘1’llc ])rccisioll of tile o]wll

water estimates, in the IIcaufort  and (~hukchi Seas,  ranges bctwccn -2.1 i- 3.1 % and 0.(i+’l.4%

[L”avalicrz,  1992]. ‘1’l,c varia,]ce ill the ,nultiycar ice mti,natm,  wl,cm C.onl],arcd  with estinmtes

froln  other sensors, am nigher and trends arc IIot cx’idcnt. ~’he rcaclcr  is referred to (~cwllirri

[1 992] for a sum*nary  of tile  ulicertai]]ties  ill tllc  ‘lcam algoritl]l,l-clcrivc:cl ice c(,,]ccl]tlatio]ls.

1]] tllc  wil]ter,  w e  derive o])c]] ivatcr, first -ycal ice allcl  lllultiycar  icc collccvltrations  usi]lg all

a lgo r i thm clescrilmd  in l{wok ci 0/. [1 992]. ‘1’}]e  algorithln  uses a fairly simple  t.)ackscattcr-

Lascxl classif icat ion scheme to idm)tify  tile  diff’ercnt  ice types. l;acll  ])ixcl is classificxl  i n t o

one  of the three categories. N o  attmll])t is Inadc,  bcc.ause  of t}]c lligllcr  resolutiml of tllc

S.Al{ data, tc) resolve tllc difl’crcllt  ty])es witllill  a ~)ixcl as is do])e i]] ‘1’cam algoritllln.  l)llril]g

the Arctic winter, there is a l)crsistc]]t  c.ol]trast  bctweml  the lnultiyear  ic.c and first,-year icc

[I{zmk  and  Cknnin.qham,  1994] to a l low easy  discrimi])atio,l  Mwec], the two ice ty]ms.  A,)



(XLln])k’ of tile ice classificatioIl  ma]) is S}1OIVII  ill l~ig. 4. l’ctterc’r  et a t .  [19$!] (’I”aluatcd  tllc

])mforlnal]cc  of this algorithm and re])orted that tl]e precision  of lnultij’ear ice concenlratio]]
)1’.< .

cxtilnatcs are better thin] 6(X). l’kifc7cr  ci 01. [1994) ant] Sicflan nnd  llcin7’icl;s [199 .1 ]  a l so

]Joilltcd out that tl)c algoritllnl  so]netilllcs  f a i l s  to correctl~ classif~’  OI)CII  Ivatm aIld 1 I N %  ict

duc  to  ovcrlal)  in tlIc rzul,qc o f  t.)acliscattcr  of tllcsc  icc ty})es. :\s all indq)cndc]ll  tsliIllate.

\vc c\ ’aluatcd  tllc  IJrccisiol]  of ou]  multiycaI  icc rctric~’al  l)roccdure,  u s i n g  tell ~mirs of S:\]{

i]llagcs of tlIc same area a c q u i r e d  by the 3-da!’ rq~cat cycle of 1;1{S-1. ‘1’hc difl’em~ces aIc

]CSS t]la]~ 1% (rI’able 1). ‘1’llcrcsults  iIldicatc~  hat tllc  s igna tu res  am stable at ]casl OVCI t]lc

slIoIt  I,mln aIld thai,  the l~igllcy  ullcertaint,y  observed  by l“ciir.rcr  c1 al. [199.1) i s  }Jmhab]j

due to a colnbinatio)l  of s])atial  or tem])oral lrariability of t}le ice signature.  ‘I’l Ic lli~llcr  Illal)

llorl])al  backatter  of frost-  flcnvcr  covcmd  sca  icc could  a l so  be  ~)rot)lc]natic  duc to tl]cir< ~’!.’
,.

tilll(-clcj)elldcllt  signature [A’wok  a7/d Cun7Li71gham,  1993], but Jveex])cct tlla;tlleflactiollof

this  ice c a t e g o r y  tc) be less tlla I) tllc  fractio]l  of IIcw’ly from]]  leads,  w’l)icl]  is less tllal~  a fc}v

]) CICCIII ill tile  winter Arc t ic . A]]othcr  lilnit,ation  with  this backscattcr-based classification

is tllc  J)otential  Con fusiol] t.)ctwcw]l  dcforlned  f irst-year ice alld lnultiycar  ice Cs])cciallj’  ill tlic’

rrgioll  of  t ransi t ion Lctwccll  the seasona l  and  ]Jcrellllial  ice zollcs [I{ignoi and lhinkul~ltfr,

1  994). IIot]i ice tj’])cx  l]alc sil]lilar  backscattel  and  Lasecl olI tllcir analysis o f  a i rc ra f t  SA1{

(Iatai  tllc  lllllltiycar ice (c)llcclltlaticJI]  could  l)C o v m ’ e s t i m a t e d  by as lnuc]l  as 1 5%. ‘1’hcv’r is

also tllc issue about  flooding  a)]d tlicll refrcczill~  that sul)prcsscs  tllc l)ackscattcr  a])(l causes

ulldcrestill]atcx  ill the ]Ilultiycar  icc collcclltratioll.  111 tllc  llcwt scctiolj, wc add)x’ss  this issllr

]]]ore tllorough]y  WIICII W’C allalyz,c our scasol~al SAI{ datasct.

ICC collccnt  ration  jI’oIIt  );1{,$’- 1 SA 1{ doio in sunim (r

WC do ]Iot i n t ima te  the lnultiycal  icx> collc.clltr-atio]l  i]] the suIIIIneI.  After tllc  ol]sct of mc]t

ill tllc  s})rillg,  t}lc frcw wakr iIl tl)c SIIO\V layer or bare ice surface act  as a balricr  to r a d a r

l)c]}ctratioll  into  Inu]tiycar  ice laym  t}lus rcducillg  Ll]c voluInc  sca t t e r ing  contributio]l  to tllc

OIWIVC(l backscattcr. ‘1’lIc coIltrast  l)ctwwc]l  f i r s t - y e a r  and rnultiycar  ice at (1- baIid  (,s~~

d iffcrell cc betwcml  F’igs. 6c and  f) is lost .zulc] tllcre is at ~]rcscllt  no cffcctivc  113cans  for ice

ty~)c c.lassificatioIl  ill tllc sulnmcr  tiIIlc. I II Inost  cases, oIIly OIK:II leads  and ridges  arc visible

‘1



i]] ];1/S-]  SA1{ d a t a  o f  t]]c SUIIIII”l CI” ice co\’cr. }Yhicll  l)as a rallgc  of  backs  catter I)cttvvcv)  -

1 ldll al]d -14cl}~. O~Jcn water Lackscatter is clcJ)elldent 01] wind speed  and is ty~)ically l]ighcr

tllall  tl]at  of tlic  ice cover if tl]c }villcl  s}jcwcl is above  4-5 nl/s. ‘J’l)c azimuthal look dirccliol]

il)troducm  o]llj’  1-2 d]] of modulation of tllc  hacks  cattcr at 1<;1/S-1  loc)k allglcs.  l\”c  cstilllatc

O}JeIJ ]vater  ill leads  l~y using  all .31goritll]n [L’omiso  a7id A ’ w e ] : . 19$)5] Ivl)ic}l takes ad~alltage

of Il)c IIigl)m  l)ackscattcr  of lvillcl-rc)tlgllellccl  o~)cl]  lvatcl  relat ive 10 t IIC ice co~”m.  T\ ’it 1) al)

illdication  of wil]cl s~wcd,  the thmsl]olcls  arc adjust  ccl visually to discrilninate  bctwmll v’atcr

a])d ice, ])uril]g c.ahn conditions ice concentrations are a]so derived, but the uncertainties  are

larger because of the decrease i]] contrast. ‘1’lle ])rccisioll of our cstilllatm arc a~)])roxilnatel~

2-3(X durin:  willd~  condit ions (above 4-5 In/s).  ‘lo illustrate }]o}Y cfl’ccti~’clj’  this tcclllliquc

\\~o~lis,  l’ig. 4a SIJOWS a typical summer  SA1{ image near the ice eclge. while  l~ig. 41J S11OWS a

color- coded version  of the result  of the classification technique. Siucc  meltpo]~ds  are Llm)dd

ill with the backscatter  of ice and sno~v 011 ice floes, the mcltponds  are classified as icc i]]

our algorithm. IIowever, sub-rcsolutioll  lcacls arc not, accoun ted  fo r ,  fo r  the same mason

a]]d cause errors  ill tl]e a]lalysis. ‘1’llmc  dots Ilot exist in the obsmvatiollal  l i terature tllc

fractioll of  lcacl  area covered  by leads  t h a t  arc Ilot msol~wd by tllc SAR d a t a  used  ill t h i s

allal~’sis. l.in  dsoy  [1’e73071al  (Jc)7~17~)~11)icoiiol), 1 995] lncasumcl  tl)c area contribution of leads

\Yitll  Ividths  1[:ss than IO(jn  to be approxilnatcly  22% usi]lg Challllcl  3 of a IJalldsat  ‘ I ’ M

ilnage  during  April  ill t}le  IIcaufort.  Witlli~l  that image, the lncan lead width is 140 m \Yitll

few lcacls ]nom  tlla]l  500 In wide.  If tllcsc  statistics call bc considmxx] ty])ical  for tllc  sul]l]]]cr

al)d wiljtcr, then this rcsolutio]l  problcn]l would  cause  a  2C% error ill the SAli cstilnatm  ill

rcp,io]ls  wit])  90% ic.c cover. hlorc  cwtcllsivc  obscrvatiol]s,  p re fe rab ly  airborl]c  Survcysl  arc

]]ccessary  to better  clualltifj’ this error.

4 Results and Discussion

l’or a quantitative comparison]] of the cstill)atcs  frolll SSMI al]d SA}{, wc divide the area

into five latitude bands with intervals of 2.5° starting at 70 C’NT. Several SA}{ ilnagcs  at t})e



I.)cgil)]lillg  of cacll lnolltll  fror]] Jalluarj’  tl]rough  lhxmnhcx  1992. covcrill~  tllc  rcgio]]  sl]o~fl)  , ,
//

i]] ];ig. 2 were al)alvzccl.  ‘J’]lc Corres])ollding  dailv  SS?VI1  data \vitlli])  the 1001< 111 l)!” 1 00k1l)

area represented by each  SA1{ i]nagc  frame were  also allalyzcd. ‘1’ypica] S..11{ illla~cs for each

nlolltll  over the same general rcgioll  arc s h o w n  in l;ig. 5. ‘1’}]esc  images sl]mv  spatia] and

tcln])oral  detai ls  about  tlie  ice co~wr ant] il)dicatc stabi]itj’  ill tile  distributio]l.  cs])miall:,’  ill

tl]c irilltcr.  Co-registered  total a]ld multiycar icc collccntratioll  da ta  de r ived  frolll both  S.-\l{

a]ld S,SM1 am ]>lottcd ill l;i~,. 6. ‘1’llc ice conccntrat  ion r e s u l t s  fro]]] bot 11 ~)rocmlurm  ~!cr(

gmlcrally  c.ollsistent cxcc])l durillg tl)c sulnlner, tvhi]c the multiycar icc collcclltratiolls  difi’cr
I,,, ,

suljstal)tial]y.  l)ct, ailed  discussion) of the rcsu]ts are prcselltcd  in tllc  follo~villg  sections. ‘i:,

loiul/multiycar  icc co7Lcc7ztraiion  (Ja71-Alay)

II] tllc  winter, tllc total  ice concentrations agree tc) witllil] tile  ullccrtainty  of t]]{ cstilnates at

all latitude Lands. ‘J’here is almost 1 00(70 ice i]) tile  IIeaufort  Sea i]] tile  w’illter.  F!;c IIotc that

I]]c ‘])CW]]  a]gorit]llll  occasiona]]y  provides allolr)a]ous  estimates of ice c.ollcmltrations  t]lat  are

g,rcatcr  tl]a]l 1 OOCfi, duri]lg  tllc  willtcg 1~’l]cn  data poiI]ts  lie ou t s ide  tl)e  region  of l’aliditj’ in

l’lt al]d G]{ space. ‘J’his is due to variability ill ice type sig]iatures,  syste]l]  errors  or wcatllcr

c’fl(’ct  s .

‘1’llc ]]lultiycar  ice Col]centrations  fro]ll tllc  tuo allalysm, llc)wcvm,  arc quite  diff’erm~t, ‘J’lIc

SAlt-dcrivccl  lnultiyear  ice col)cel]tratiol)s  arc quite  staljlc at tile ]}igllcr  la t i tudes during  t]lis

~)criod al~cl tllc va r i ab i l i t y  i s  w’ithil)  tljc  ])rccisioll c)f tl]c algoritllln. ‘J’llcrc  is Ilo sigl~ificallt

il]creasc  o r  decrease  ill tllc  all)oul]t  of lnultiycal  icc cxcc])t  llcar  tllc  tralisitioll  bctwcc~l tllc

])crellllial  pack and the scasol]al  ice zone. ‘1’}lcse lnultiycar  collccntratiol]s  arc c o n s i s t e n t  wit,]) ‘

ice Iii]]  elnatics  (discussed below)  duri]]g  this pcric)d and our cx}~cc.tatiog that this ~)aralnetcr
{~

st, ays fail.]y collstant,  esl)ccia]]y  ill t]lis j)art  of tllc  ]Icaufort  Sea and t}lc central Arctic. Witl]i]l

tllc  t~vo lowest latitude ballds, wc attritjute  tl]c  variability to t}lc advcctioll of multiyear ice

al]d f i r s t - y e a r  ice into atld out of tile  regiol) o f  s tudy  (sho\vI)  ill l~ig. 2) al]cl ljossibly  t o

tllc  ridging  of first-year ice, l,arge areas of riclged  ancl hig}l]y dcforlllcxl  f irst-year ice }Iavc

a])l)roxilnatc]y  the sa]nc  bac.kscattcr  signature  as that of mult,  iycar  i ce . Sall~l)lc stril)s  o f

(J
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‘J’llc  ~’cam algori thm cstimatm  of IIlultiyear  ice Collcmltratioll  have substant ial ly diffcvm]t
,/ >jfl~
I s])atial  and t e m p o r a l  distributions  .that  those  o f  SA1{ data (1’ig. 8), ‘1’hc ‘1’ealn algoritlllll

results as sl)o~~ll ill l’ig. 6 also indicate a trend of’ decrcasil)g  lnultiycar  ice collccntration  at

the IIigl)cr latitude bands. l’or example,  t~ctwccn ?5°N and ??.5°N  there is a greater tl~a])

30X dccrcmse in tllc  ]nultiyear  ice collcm]tratioll  bctw’cml J a n u a r y  ancl N!ay. ‘1’lIc  ice cmw

iJl this region  colnputecl  from monthly velocity fields (betwcwn %ptlcmbcr  1, 1991 - A])ril 1,

1 W: scc F’ig. 9) is actually slightlv  convergent (O-1 O%) which would yield all o})~)ositc  msu]t.

Wit]l  a mean velocity of 2 cIn/s, the total displacement of the ice is lCSS that 2-10 km, muc]l

sJIIallcr t})an our rcgiol) of s t udy . It is difIicult  to explain this trcnc] from t}ic pcrs~)ective

o f  icc cover clivergcncc  o r  a  llet ad~’cction c)f mu]tiyear ice out of our study region. ‘J’llc

SSM1 lna}) of multiyc,ar  icc col]ccmtratiolls  of tljc  Arctic occa~l  for  t}le  mon ths  o f  Ja]luary

al)d A~Jril  a n d  tllcir clifl’crcrlcm  arc showrll  ill l:ig. 10. ‘1’hesc  synoptic maps SILOW  a general

dccrcasc ill mu]tiycar  ice bc%wwcv)  t}lc twc) obse rva t ions . WC also note  that  the initliatioll  of

tliis  d(’crcasc  occurs earlier i]] lc)wcr latitudes. \k’c llyj)otIlcsizc  that  this dccrcasc is due to tl]c

II]odificatioll  of the SIIOW layer  over multiyeal  ice hy il)solation,  w’hicll  is a latitude alld tilnc

delxvldcllt  l)l]enonwno]l.  llo.frr  a71d hlot~lrr [1 9S0] observed that  t])c radiolnct,ric  brightl]css

of  a sIio\Y  layer  is  very scllsitivc  to tl]e Iwlu]l]ctric  Inoisture  col)tcn)t. }tve]i at sul)-frcwzil]g

tclllpmaturcs,  a very small illcrcase  in tllc  snotv wctllcss,  i]] the O tc) 0.5%1 range, can cause

a large inc.reasc  in the otxcrvcd  briglltllcss  tmnlmraturc  (over  1 OOO1<). So wc expect that tllc

radiolnctcr  at 3? Gllz and 19 GIIz to be cxtrcmcly  scnlsitivc to  env i ron  mcnta] c.ollditiolls

whic]l cause modification of tile  s]low layer. Of c.oursc, t}lc actual observed lnagllitudc  of

tllcse  cllallgcs  will k modulated by the Cxtcnlt  of the surface types  withil]  tllc  footprint of tl)e

SSh4/1 S1211S01. ITI tllc  Arctic winter, the physical cl]aracteristics  of the rnultiycar  ice SI]OUICI
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})c fairly  s table a]]d shou ld  ha~c  a vcrj. stable sigllature, Ilarrillg  all} atmosj)heric  cff’ccts.

tile  cl]allgcs 011 tllc  surface of tile ice or the snow layer  arc the ~Jrin)ary  factors rm])ol}si}jlc

for t})c observed scaso]lal  variability il] the mu]tiycar  jcc concentrations (see ]Tig. 2. l{olhrock

a?ld l~lomas [1 993]). If our hy~)otllmis  is cor]cct,.  Jve cwl)m-t  to see a reverse

illcrcasc  ill the multiycar icc col]cellt,ratioll)  i]] t}lc ]at~ fa]], }~]lic]l  i s  illc]eed

s]]a]] discuss later.

‘I1lIC SAll estilnates of lnultiyear  ice js’}ligllm  tlla]l  that  froln  tllc  ‘1’ealn  algoritlllll.  \\:c  disrllss

this below  ill the context of tllc character of the ice covm at the end  of the suln]]lcr.

Ncit}lm i,lle “J’cam algorit}lln  IIOr the SAR algorithm provide estimates of multiyear icc in tllc

SUI]IIIICY,  so only  a c,olllparativc  analysis of total icc collccntratio]ls  froln  tllc  t~vo a])ljroacllm

is ])rovidcc]  l]erc.

(:olil iso 07) d’ 11’tlwk

active and passive

1 l)erc is a gradual illcrcasc  ill tile  area] fraclio]]  of OI)C]I }t’ater. ‘J’i]e SAlt-dcrii~cd  ice coI)ceII-) /,, ,

Ltratio]ls  arc typically IIigljcr tl)al] ‘t ;it of tllc  ‘j’eam algori thm cst,ilnatcs  a]ld tllc difi’ercllccs /’:

arc ]Imrc l)rol)oul)ccd  at lower latitudes. A ]mssib]c  cause of this [discussed i]] (;o?niscj  aIId

A’wOk,  1995J  i s  t,lle colltritJutioll  of lllclt~)o]]ds  to t}lc o})cI]  water cstilnatcs.  \lTat,cr  ill l[)e]t-
/, j,..

])ol]ds  ]Iave t!le  salnc passi~~c  lnic.row’avc  signature  as tl)at of water ill o])c~)  leads  callsillg  al)

/~’
ulldcrmtilllat  J of ice collcel)tratioI1.

f
‘J’l]c larg,cr differm]cc  in tllc  lower  l a t i t u d e  bands  n~ay ),:

bc i~ldicative  of the latituc]c  dcpelldcvlce  of lnclt~)or]cl  fractioll. WC llotc, agaill  that the SAR

estilllatcs  arc biased  toward over-cstill-latic)ll of ice concelltratioll  because sut~-rmolutioll  o]je]]

leads  are lnost likely  classif ied as ice ill tllc  sun]Incr  time. Wc c]o l)ot kl]ow, ill tllc c u r r e n t

ol~smwatiol]al literature, t}lc relative area colltritjutioll  of sut.)-rcsolutiol~ leads a]ld ll]cltl)ol]ds

i]} tllc  sulmncr.  If t,l)c contribution is srnal] as wc discussed earlier, for I1lcJtpol]d  c.o]lcmI-

trations  of 20-30% [A’omanov,, 1993] t}le  nleltponds  would secln to })c the don)illant  factor

11



\YIIicl I afl’cc.t t}lc microl~a~’c  s ignatures. i n  otllcr wwrds, the ~l~l(lclc’stilllatic)ll  o f  tllc  ‘J’calll

algorithm is lnore  si.gl]ificant  than tile  bias  il]trocluccd  b: small lcacls, ‘1’hesehiases  can olllj

Ix rcsoll’cc]  with hig)J rcsolutioIJ  aerial survey.

‘1’0 gain insip;lli  irlto tl]c discrcq)allcim  in tl]c Sulnmer  ice col]centratio]l  r e t r i eva l s .  t o t a l  i ce

collcclltration  was also derived using tllc  IIootstra])  algorithm [Covliso.  1995]. :1 con)parisoll

of tllc  two SShll results (l~ig.  11 ) SIIOWS ihat  the IIootst,ra]> algorithm estilnatcs  are ty])icall~

IIigl)cr  than those of t})e ‘1’cam algori thm. ~’his is  mainly bccausc  the Iic-])c)illts  used  in

the IIootstrap  a]goritllln  are adjusted to account for changes ill surface elnissi~’ity during

spring, mid-summer, and early autumn. IImvevcr,  this procedure is similarly confoulldml  b!’

]nclt]mnds  and values arc still  10WW than tl]ose  of SAR  [Comiso  and  1~’u~ol:,  1995].

Joial/7nuliiyear  zcc co71ccnirafio7t  (LSe~~tCI~ibCI-llCCCIJthCr)

At, the cnd  of the su~nmer,  the surviving ice from the previous spring bccorncs  multiyear

ice. ‘1’hc SAI{ results sl)mv t}lat  tllc  lnultiycar  ice concentrat ion ill early octohcr is roughly

rquivalmlt  to the SAl{-der ived  icc collccmtratioll  at su]nnmr’s  CI]C1. l~ascd ou tile  SAI{ analys-

is, tile  ice COVCI seems to be fairl~’ cc)lll~)act  lvitll hig]l  c.ol]centrations  of multiycar ice at all

latitude bands. II] the following lnontl]s,  the cx)liccntratioll  dczrcascs (es~)ecially at tllc lower

]atitudcs)  and returns  to a ]CVC]  com~)arab]e  to that,  of tl)c  ])rcvious  win te r .  We a t t r i b u t e

this dccrcasc to a cor]vcrgcn]cc  i]] tlic  ice cover  ill the summer followed bJ’ a divmgencc of tllc

ice cover in November and 1 kcmnbm,  lndcwd,  the monthly velocity fields (betw’cml  A1)ril 1

- Sc])tenll)cr  1, 1992: sw l:ig. 9) also il]dicatc  a colIvcrgcllcc  of tllc  ic.c cover ill tl]is rcgiml of

approxilnate]y  10-20% i]] the loi~’er  latitudes a]ld divergclJce  of a smaller magnitude in the

fall. ‘]’hc openings in the ice cover ill IXowvnbcr can bc easily  observed ill the SAR image

st,ri])s shown in I’i, g. 6. ‘1’l]c IIigllly  coml)acl  icc cover (high ice concentrat ion])  call be scml

in tllc images shown in l;ig. 1 2 a  a n d  12h. At t h i s  time, the icc cover  scxvns  to Lc com-

posed of primarily mu]t,iycar  ice wit 1] low first-year ice collccmtratiol). ‘J’l]c IIigll  backscattcr

ill tllc  leads are from willcl-roughcliml  opel] water. 111 Octot)er,  the ice cover has low first-

ycar ice conccmtratiolls  wllcmas  ill lkxxvnbcr  the cllarac.tcristic.  first-year ice signature (lower
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Lackscatter)  is Inorc  C1’idclll  due 10 tile  tlliCliC’llillg  of tllc  ice ill the o])cll leads  created ill tllc

]jrrvious  lIlolltlls. ‘1’l]e ice cover attains a tx-ickscattm  c h a r a c t e r .  ill tcmns  of multi} car icc

.ztI]d f irst-year ice cc)llcentrations~  that  is sirni]ar  to that of tllc  l)reIious  Ivintcr  (compare  l;ig

(jar al)d l:ig. 61) .

‘~’l)ere are l a r g e  diflercn]ces (al)out  50X)  lwtwem)  tllc  ice conccmtratiolls  at  tile  end  o f  tllc

su)ll]nm  and tl)c IIlulti)rear  ice col]celltratio]l  duril]g  tl]e Sul)smium]t  ~vinter as estilnatml  fro]]]

tl]e ‘1’eam algorithm. !3uclI  a mismatcl] may be due tc) tl)c .grolvt]]  of ]lelv and yc)u]lg ice during

tile su]nmcr. ‘1’]lis would lla~’e tc) occur silmlltallcously  with tile  ]nclt of a large l)mcellta~c  of

]Imltiyear ice. l’ro?n t}]e time scqum]cc  sl)ow’11  in IJig.  5, it is difficult to cxplai]l  I1OJV Inelt and

frcczc-ul)  of such lnagllitude  could occur ill tllc regioll. our ex~mctation  is that  t}]e amount

of ll)ultiycar ice slloulcl  remail]  fairly collstallt  especially ill tile higher  latitudes in tile  ce]ltral

Arctic. ‘1’llis  swmito  su~)l)ort  our hy~)otllcsis (discussed above) that  tile  s]]otv co~er could

be responding to cl)virollmellta]  conditions  or a dccrcase in shortwave in})ut wllicl]  causes a

varia~)i]it~~  i]] t]lc  brig]ltlless  tclnl)erat  ure si/;l  Jature of llmltiycar  ice.

A l s o ,  tl)crc is a large difi”crcllcc

S,41{ and  tl)e ‘J’caln  algoritll]ns.

tll(’ clllissivitJ’ of sca icc ill tl]e

betw’eml lllultiycar  icc collccntratio]l  cstilnates  froln  tllc

‘1’l]c differcvlccs arc likely due t o  tllc  s})atial variatiolls  ill

Arctic rcgio]l [C;crscy, 19S2; L’07niso, 19S3]. onr factor

w’llicl)  c a u s e s  suc]l  s])at ial cllallges  ill tile  mllissi~’ity  is II)clt])o]ldillg  sillcc fromll  nlcltpo])ds

arc k]]ow’])  to llavc mllissivilics  of’ first year icc [G7Y:71fcll,  1 992]. ‘1’llis  call be a  su]xtantia]

cfl’ect  sillcc 20-30%” of t IIc sullllller  ice l]ave l)eell  o b s e r v e d  to be ))o]]de.d [ Ti1ckc7, ~)rivate

,)/c )]] llluIlicatioll,  1994]. .+Il)otllcl  f a c t o r  could  I)( ullusuall~r tlliCli  sllolv co~’cr  ill Sol]]e areas

.!ha’)]  c.aIl c a u s e  flooding  (and  subscquellt  refreczil]g)  at the SIIOW ice i]ltmface.  Such e f f e c t  ‘

causes  tllc  snow/ic.c  intcrfacc  to be salillc  and  tile  clllissivity  of t}le ice floe to be sinlilar to

{hat c)f first-year ice.

(;ould  tllc  SA1{ analysis

[lfig~~oi  and  IIrinkwatcr,

o~’ercstilllate  ]Ilultiycar  ice collcclltratioll?  I t  has  I)ecl] sugg(’stwl

1994] that,  dcfornlcc] first-year icc has backscattcr  si]ni]ar  to t}]at c)f

Inultiycar  ice i]) sillglc  ]Jolarizatio]l  ~-band  datascts  like P, I{S-l, If this is the case, thcll tllc
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SI!l{ wri]ltcr  a l g o r i t h m  wou]cl  ccrtail)ly o v e r e s t i m a t e  the multiycar ice collc.el]lratioll.  ]Iut

wc argue that, due to  de fo rmat ion  o f  the icc cover, the amount  o f  defor]ned  ice sliould

il)creasc  as t}lc ]villtcr  w e a r s  ON rcsulti~lg  ill a g r a d u a l  il)crcasc  ill t]]e cstilnatcd  nllll[i~’car

i(c co]]c(~l]tratio]]. ]ndccd \vc CIO IIot ohscrvc suclI  trcmd,  a t  least  ]Iot ~~itllilj  tl]e lrvcl  of’

u]]ccrtai]]t,j’ of tllc  csti]natcs, It is ])ossible  tl]at  deforIned  first -j’car icc~r<”})ilcd  on to  tlIe
{’

]m]ltiyear  ice a n d  tl]crcforc ]Iot illcreasc  tl]c c(lllcc]]t]atic)]]  of ]]]ultiycar  icc c~’cll tlloug]l  the
(’ ,

l)olari  Inetric radar records a surface ty])c  which  secIns to bc differc]lt  tl’I;I;  that of multi  !’car

ice. \Yc do ]]ot know the arcal contributioIl  of tl]is cleformcd  fi]st-yc:aI/]]~llltiyc:\I  ice surface

tyj)c.  I f  th i s  a rea ]  f r ac t ion  of this su r face  ty]w  is sigl]ificant,  it Iyould co~ltributc  to aII

l]]](lc]cstJi]llatfioIl  of’ multiycar ice i]] the passive ]nicrowave  rctricl’a]  al:oritl]Il].

‘1’IIc  mu]tiycar  ice concentrations as infmrcd from SSh4/1 data with the ‘1’cam algorithm nlakc

usc of gradic]lt  aIld polarization]] ratios. ‘1’0 gai]] insight into ])ossible  causes  of disagremmmts

I)ct]vce]] ]Jassive I]]icrowavc  and SAH multiycar  ice data, wc shoJv  scatter ])lots of tl]c gradient

aIId po la r i za t ion  r a t ios  wrsus  SAI{ Lacliscatkr  (in d]]) in F’ig. 1 3 .  l)ata fronl  the mltire

}kmufort  Sea study area aI]d also from diff’went latitudinal baIIcls i]]dicatc  t]lat tlIc gradient

ra t ios  va ry  considcrab]y  wl]ilc tllc ])olarizatiol]  ratios are basicall!’  constant ,  for  lnosl of

tllc data }millts. ‘1’hc Inu]tiycar  icc C.o]]cc]]tration  d e r i v e d  froI]] ])assivc ]nicr(nvaw is t}lus

dqjm]dcnt  ]rmi]lly  011 the gradimlt  ratios.

At t l~c latitudil~a]  band hctwml i’OO1’i a])d ?,5(’N, t}lc gradie]lt  ratios arc shown  to bc illvcvscly

])rol)ortiolla]  t,o tile  SAI{ backscatt,cr. l)etweell  T5°N a]ld 80C’N, tl]c data points do ]Iot a])~~car

related al]d arc basically ralldom. IIctwccv]  IS()”N a]lcl 85°N,  the gradient ratio varies quite  a

bit w’llile  tl]c SAI{ backscatter  signatures were almost, ccnlstant,. ‘J’l)c data })oil)ts  (bctwccu

80”N a n d  85°N)  make it a~)parcnt  w h y  lnultiycar  icc c.ollc.m}trations  clcrived fml~l tllc t w o

sc])sors are different. III tl)is case,  tl]c Inca]) SAli Lackscattcr w a s  C1OSC  to -9 .3  d]] wlli]e tllc

gradient ratic) varicxl bctw’cell  -0.063 to -0.098. A silnilar set of plots for the gradicllt  ratios

arc shown ill l’ig. 14 but this time, lnultiycxir  icc collccnltratioIJ  from SAR  is LIscd illstcad of

/’i
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S:11{ Ijackscatlcr.  ‘1’l]e p lo t  for all mgio]]s slIow’s tllc  IIo]l-lillcarit]’  ill tl]e rclalio]lsllil).  Al tilt

la t i tudinal  bands Lctwcm] 70°N and Y5C’IX, tllc  graclimlt Iatjc) does Ilot  a~)pcar to be scl]sili\c

t o  ]I]ultiycar  ice collccntrations  bctweell  O  t o  6 0 (X . Iletw’ecn 60(X and 90(1. a stron~l linear

relatiol]sllip  is apparent, but after 90%. tllc  graclielll  ratio is still stm]lgl~. var~”ill$  ivl)ilc tllr

S;fli  multiycar  icw concentration  lvas a]lnost  constant  al about  95X.

‘1’IIc gradkmt  ratio is the ratio  of the difl’crcnce of tile  v e r t i c a l l y  l)o]arized  19 (;117 and  37

(;llz data and tile  sum of t}le salne  set of clata.  ]]lots  of 19 G}Iz alld  3’i G117 data vcrs~ls

tl)e SAI{ Lackscattcr are S11OWI] scparatcdy  in l’igs. 1 3 C  and 13cI, rcspcctivcl). l)ata fron) t hc

]9 (;l Iz c.llan))e]  call be SCCJI  to be lillcar]v  related to the SA1{ backscattcr  at all latitudi]~al

ba]]cls.  At 80°NT to 85°NT, the data indicate that both brightness tclnpcraturc  and  Lacliscatter

are well-dcfll]ccl. It is thus apparent that the use of 19 Gllz alo]lc  to obtain  lnultiycal ice

collccujtration  could provide results that,  ale mom consistcl)t  witl~ tile SAA]{  data. ‘J’llc scatter

])lot  of 37 Gl]z versus the SAN bacliscattcr alsc)  show approxilnately  linear relationships t)ut

it is clear that, writl)ill  tile latitudinal range from 80° N to 85° NT the distri}>utiol] of data is

si:llilar  to tl]e gradicl)t  ratio ve r sus  SAI{ distriljutioll.

‘1’lle good  corrclatjol]  of 19 GIIz data wit]] tile  SA1{ data brings  ill tile qucstioll  c)f wllei her

S])OW cover  js part]~’  a reason  for tllc  lower values in the multiycar  ice concelltraticn]s  deri~rml

froll) passive ]nicrowavc l,elslls  t,~lose frolll SA]{. ‘] ’]l C SAl~ and ]{) (;]]z data arc ]101 a s

sens i t i ve  tc) snow as tile  3’i (;}17,  data. Wl)i]c volume scat ter ing ill tllc  multiycar ice ]nay

still be tile  clomillant, mode of scattering that cvlablcs cliscriminatiol]  of first year ice fronl

I]lult,iyeay  ice, the 3’7 Gllz data lnay  also reflect  scatteril]g  of tile 0.8 c]n radiatio]l  Jvitl] sI]ow

cover.  lt.adiativc  trallsfcr modeling  studies of SI)OW jlldicatm  that,  tl)is effect is Ilot Ilc,gligible.

5 Summary/Discussion

Yiwnt A lgoriihm  ~Mimai.cs  - Summary
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o v e r  tl]c a n n u a l  cycle,  tllc  total icc cc)llccmtratioll rmllaillcd  fair]}  lligll  ill o u r  rcgioll o f

studv,  IJron] tllc  ‘1’cam algorithln  e s t i m a t e s: ]Ye observe a siglliflcal)t  decrease  i]] tl]e all]ou7]t

o f  IIlultiycar  ice (allnost  4(1(X,) I)CIIYCCJ]  Jal]uarJ’  al]cl s])rin~ I])ell  and a  slolver illcrc:isr  ill

tl]e amoullt  of multiyear ic.c I)clwecl] ScljteJnl)cI  al)d l)cccvnhcr. \\”c  IIyl)otllcsizcd  that !Ilcsc

trclids  call be cxplai])cxl  by tl]c cycle o f  i]]sc)latioI]  01] tl]e sIIo\v layer  a t  tllc  \)eg.illIlillg a]]d

tl)( Cl]d o f  willtcr.  ‘J’llc  nlultiycar  icc collcm)t,ratio]l  at frecm u]) i s  muclI lotvcr tlla]l lIIC

ice concclltratioll  a t  t}]c eIId of sumIIlcr,  all incollsistcncj’  i]) tile  a]lal~’sis  }Vl]icl] sup,gcsts all

l]]l(lc]csti]]latioI)  c)f multiycar ice i]] tllc  Iri:]t,w ti]ne. h4elt])oIlds  aIld otlIm surface cfl’ccts

SC(,III  to co]ltribute  sigIlifica Iltlj’~c~\,’ the Illlclc]csti]llatic)]l of ice co]lccl)tratio]]  i]] tl]e sIIImncr. ,1;,

\4~l]Y would tl]c ‘i’cam algorithm undcrestilnatc  lnullliycar  cone.mltratioll? one ])ossible  rcasoll

is tllc  low values of rcfcrmlce  brightness tanperatures  of lnultiycar  ice used  by tllc algorithln,

IIcc.ausc of the large va r i ab i l i t y  of tllc  clnissi~’it~’  of Inu]tiycar  ice, the rcfcrellce  brig} ltllms

teln]maturc  of multiycar icc~ appropriate for tllc  entire Arctic rcgiol) is c]ifficult  to cwtablisl).

AI Iotl]er  rcasoli  is havi]lg  sigllaturcx  similar to those  of first-year ice. Some  ol)scrvatiol]s

l]avc slJolvJ]  tl)at rcfrozm]  II]elt,po]]ds  cdl] llavc signatures of first-year ice. Also, tllc  slloJY/icc

illtcvfac.cx of previously flooded mulliyear  ice floes coulcl  ])ave sigllatures  of first-year ice

hccausc  of relatively l)igl) salinity  at tile surface. I:ultllclll-lO1c,  secc)llc~,  year ice lnay  l]ave /(

diflcrw]t  cmissivity thall otllcr ty})cx of lnultiycar  icc},as  has lmcl] prcnrious]y obse rved . 5/
) f,

,~Al{ cstintatcs - Sum711ary

‘1’]]r SAI{ al]a]yses  s u g g e s t  al] icc CO1’C]’ ill t]lc ]]caufort w]lic]) is rat~ler  sta])]c,

scasoll,  ill tcrrns of  mu]tiyca]  ice collcc]]tratioll. ‘1’llc zinlount  of Inultiycar  icc

llrough(nl  t a

mnaincd al)-

])roxilnatcly  col}staut,  witl)il~  tile  level of ullccrtail]ty  of the analysis. The average lnultiycar

icc cmlcentration  in this part of t]le Arctic occa~l is a])proximately  80%. At tltc  CIIC1 of tl]e

sL]]IIIncr, tllc  multiycar ice coljcclltratio]l  is aJ)~)roxiJnatcly  ecjuivalcnt  tc) the ice col]ccmtratioll

at tl]c CIIC1 of tllc sumnlcr.  ‘J’l)e al]alyscs  give a ccnlsistm)t view c)f tllc annual  cyc le .

We have analyzed  the possible confusioli  for identification of nmltiycar ice i~l tllc willtcr
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\

~&’ ]Icaufort  %a, }~viclencc  secl~l  to illdicatc  ( d i s c u s s e d  ill tllc  lasl s e c t i o n )  Il)at  deforlncd  first- ,)’

j’car ice, \vitl]il]  tl]e level of uIlccviaiuly:  clocs  1101 contribute sigl]ifica])tl}-  to tl]c c)~’clcstilllatioll

of lnul~iycar  ice in SAIi d a t a . ‘1’})c  (~-ballcl  radar, to first-order, is I]ot affected l)y STJO\V

col’cr l~})m] tl]e telnpcrature  i s  belo~v frcczillg  al]d muc]]  less smlsitive  1 0  ]Vcatllcr df’ccts.

‘J1]I( sL1l)lll)cl/]~~irltcl  collsistcl)cy  and  tl]e  slnal] fiuctuatiolls  ill tllc  SAlt estirnalcs  l ead  us  to
~,/ ‘j (

l)clicvc that tllcsc cstilllalcs  to b+’ reliable.
i ’{

‘J’lle  sigxlific.ancc  of the ~nultiyear  ice ill the Arctic Oceall  call be at t r ibute{ to i ts  stro~lg rc-

latio]l  to tile  sulnmcr  ice col]celltratioll  [Comiso,  1 990;  liolhrock  and ~’}loma.~.  1 990]. If t ]lCW

‘)
arc cllallgcx in the cl imate whicl] cause ]mrsistcnt,  clecrease  in the summer  icc co]lcclltratio]l,

/
‘,

“t~<”t  would bc reflcctccl  i]) a decrcasc i]) tllc  amount of multiycar~il]  tl)e  win te r .

4

/(> ‘1’llis  reductio]l  ,’ ~~

~’<$.~:c would  be clue to ir)creased  Inclt  or export  of icc from tile F’ra]]l  strait. All accurate record of

IIIC Illultiye.ar  ice balance  a]ld fluctuations would be uscfu]  in uncierst,alldi]lg  tllc  relatiolls]~i])

I)et}vcml  climate al]d multiyca] ice balallcc.

l/ot117vck  a71d  J’homas  [1 990) dwnol]stratm] that nlorc  multiycar ice is required  to IIlailltaill

co)lsistellcy  bctw’eml tllc  sumlner  ice a n d  w’il]t,c-r IJlultiycar  ice col)cclltratiolls.  IImvcvcr.  as

tllcy  c.arcfu]ly illclic.atccl, tllcir KallnaJ)  filter s]lmotllcr  CaIJ insist 011 coIIsistency  I)ut wit]lollt

}Irolidillp,  lI]orc a c c u r a t e  cstir])ales  if tllc  ol)scrlatiolis  arc Ijiasc:d. ‘J’}lat  is ,  tllc  cwtilllatcs

tllml)selves  arc biased. At this ~)oint, tllc  allalysis  of tlic  SAI{ clata offers allotllcr  cstilnatc

of t]]{’ lnultiyca]  ice, w}licll  scclns  to lje collsistcllt  Witl])  tile sutnlller ice cc)llc.clltlatli(jll.  If tllr

SAli is c o r r e c t ,  thcuj  the ‘J’emn algorithtll  ulldcrcstimatcs  t}]c Inultiycar  icc by CVCI]  a larger

a]]]ou]]t than previously suggested

il!(:ltpond  ~ractiolz  and  icc exfcni

a]]d tl)erc is Inore  multiyear ice i]] tl]c IIcaufort  %a.

1 lot))  o]jeIJ tvatcr

Ilot cliscrilninatc

i n  tl]c  sumlner.

between the two surface ty~ms. It uI]derestilllates  tl]c  ice c.ollc.entrations

f the me]tpolld  concentration is 30%, t]lcn  t]lc  cstilnatm  would })c hiascd
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1)~ a silllilar  al]]ou]it. ‘1’llis  i s  collsistclll  IVitl) tl]c difIcrcnccs  bet~vec]] Il]c S.F\ll allal~sis  a]]d

tile  ‘1’c:.a]n  algorithm analysis: tllc  SA1{ cstilnatcs of total ice concmltratiml  is allva~’s higl)cr

tl)al] that  of tl)c  ‘1’ealn  algorith]n  e s t i m a t e s  ill tllc  suImner. ‘1’ilis  cliffcrcl]cc is also lalgcr

i]) tllc  lower latitude  bands suggcsti]lg  that ]ncltponc]  fractioli is dcl)endcnt  OII latitude a])d

])roxil]lit~  to tl]c Coast  [1/0? )107/01’,  1993].

If ‘1’caln  algorithln  Llll(lercstill-latcs  tllc  total icc concentrat ion clue to melt]  )onds,  C’S])(’CjiillJ”

ill tile  ice lnargill  in the summer, tl)m] the 15% ice edge  would be displaced rmultillg  ill al)

llll(lelestilllatiol]  of the actual ice cover [C~omiso and A’wok, 1 995].

‘J’l]e estimates from  tllc  S.41{ alld ‘lle.aIn  algorithms provided  two

llcaufort  Sea ice cover. ‘J’lle  lill)itatiolls of both algorithlns  were

Cx])laill  some of the possible biases  of these algorithlns  due to

functiol)s  of  wavelength] and cll~’irc)lllllclltal  co]lclitions.  h’uture

datascts  sl]oulcl be cautious of sue]] ]mssible  biases ~introcluccd
/’

I

A c k n o w l e d g m e n t s

invmtigatiolls  using

by tllcx datascts,

these

‘J’

‘J’l)c au thor s  WOUIC1  like to tlla]}k  l{ico Allcgrillo  of ]Iughcs  Srl’X fo r  h i s  a s s i s t ance  ill l)ro-

gralnmi]lg and allalysis  of data. 1{. liwok a]ld G. l’. (;unl]inghaln  pcrforlncd  this w o r k  a t

tl]c Jet l)ropulsio]]  ],almratory. (~a]iforllia ]]lstitutc  of  ‘1’cchIlo]ogy  u n d e r  col]tract,  wit]]  tl]c

Natiolla]  Aeronautics and  S]mcc +\cllllillistratic)ll. J. ~. Comiso  })crforlncd  tJlis  work at  tllc

I,aboratory  for ]Iydrospllcric  l)roccsscs  at NASA Goddard Space l’ligl]t  Gmtcr. ‘1’his  project

was su])])ortcd  by the INASA ~ryos])}lcric  l]roccsses  l’rogram  under R. 11. ‘J’l]olnas.
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Figure Captions

};jgure 1. l’;xpcctcd  variabi l i ty  of sea ice cover over an a]ll]ual cycle.

]’ig~lr{  ~. ‘1’l)c colnl~arativc  a n a l y s i s  uses  l:li$l S.41{ data and SSill  da ta  froll) tl)r  rcgioll

dcflllml  IJJ’ tllcsc  bouljclaries.

l’igurc 3. Sample SAR  ice classification map (wrillter). (a) ‘1’llc image and tllc  icc t~’])c IIMI).

(1.)) ‘IIIIc ilna,ge  alld  the icc ty~)c ]nap  3  days  later. (White =- )nultiycar  ice; b lue  = dcforllled

first -year ice; green == undeformed first-year ice; red == s]noot]]  tllil! icc o r  ca]n] o})c]] Ivatrr).

l’igurc 4. SaInplc  SA}{ classification] lna})  (sumlllcr).  (a) SAR inlagc.  (b) lInagc classif ied

i n t o  ice, grease im and o~)cl) water.  (Wllitc = o])cn water; blue :.- ice; reel  :- grease i ce ) .

l~igurc 5. View of tl]c  ice cover frolll SAI{. (a)  January.  (L) P’cbruary.  (c) hlarcll. (d)  A~)ri].

( c )  hlay.  (f)  June.  (g) July.  (h) Aug;ust.  (i) %ptmnbcr.  ( j )  Oc tober .  (k) Novenlber.  ( 1 )

l)cce]nbcr.  ‘1’he w i n t e r  scc]les S1]OW very  stable SA1{ hackscattcr  wllilc  tlIe co]ltrasi tlIaI is

tyl)ical  ill the winter is lost in the sulnlncr, ‘J’l)c striJ)s a r c  100l<]n  ill width and  tllc lollg,cst

stril)s  contain up to 15 ilnagc  fra]]}es (c)r 1500 k]]] ill lmlgth).

l’igure  6. c o m p a r i s o n s  o f  the total icc and lnultiycar  icc col]c.cl)tratiol]s  at five latitlldc

l~allds.  (a) 70.0’’- 72.5°. (b) 72.5°-75.00. (c) 75.( V’-77.5C’. (d) ?7.5°-80.00. (c) 80.0°.

l~igurc 7. h4ultiycar  ice col)ccl~tratiol)  iso})lctl!s  o f  tllc s~ud~ rcgioll.  ( a )  l)a) 18. (l)) l)a~’ 21.

(c) l)ay 71. (d) I)ay 74. (c) l)ay 90 .

h40]ltl)ly-avcrag,  ccl SSh41 lnultiycar  ice co~lcc]ltratiol]  maps .

h4ean m o n t h l y  velocity  alld  divcrgmlcc  ca]cu]atcd frolll wind and bLIoy data. (a)

Scq)tembcr  1, 1991 - April 1, 1992. (b) April 1, 1992- %q)telnbcx  1, ] 992. (C) %]jtcmbcr  ] ,

1992-  April 1, 1993. (~ourtcsy  of R. l;. h40ritz,  R. colony  aT1d K. Runcima)l,  l)olar Scimlcc



Gntcr, l;llivcmity  of M;ashirlgt,on  )

l:igurc 10. ‘I)llc differmlce  bdwcul tlIe ‘1’cam algoritlim  c{cri~c+ ]nultiycar ice Collcelllratioll

i]] Jall  1 ~ 1992 and A p r i l  1 ,  1992. A sigllificant  decrease i]] the Inulti}’car  ice collccvltratioll

call Ijc observed.

}+’igurc 11 .  ])ifrCTCIIC.CS l.)ctJvcwIJ tile  B o o t s t r a p  alLd ‘Icanl  algorithn~  -dmivecl  t o t a l  ice COIICCI1-

trati[nl  011 sc’pt  5, 1992.

l’igure 1 2 .  I m a g e  scclumlce sllowillg  tllc c.olnpactness  of tile  ice cover Lcfc)rc  allcl  after f a l l

frcczc-u]~. (a) 8(YN. (a) 75°N. ‘J’hc commoII  fcatums bctwcml  the itnagcs  (JYIIcrc tlic~  c o u l d

be identified) are marked  with a]] ‘X’.

JJigum 13. comparison  of SAN and passive nlicrcnvave  sigl]aturcs  at three latitudinal ba~lc]s.

(a) l)olarizatioll  ratio vs SAR backsc.attcr.  (b)  Graclicnt  ratio vs SAR backseat tcr. (c) 1 9

(;IIz brigl]tllcss  temperature vs SA1{ backscattcr.  (d) 37 GIIz, br ightness  tcln])erature  vs

SA1{ hackscattcr.

23

l~i~,urc  14. Scatterplot  of graclicllt ratio at various latitude ba]lcls  versus  SA1{ IIlultiyear  icc

(c)rlcelltlatic)ll.



Table 1

Consistence in the Classification of MY ice
in 3-day repeat SAR imagery

Image pair

3620
4092

3621
4093

11280
11955

11284
11959

11287
11962

11288
11963

11289
11964

11295
11970

13009
13726

13011
13728

RMS error

MY concentration

98.35
98.29

97.65
97.84

95.83
96.16

96.35
96.37

95.79
95.83

94.74
94,56

94,89
94.61

70.51
70.32

95.32
95.96

94.26
94.34

0.27
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(a) Mean Ice Veloclty : Sep 91-Apr 92

divergence units = 10“”-8kec
s c a l e :  9  cmk. - —–--+
scale: 6 cm/s = – ----J
scale: 3 cm/s = —+

IWU!!!k
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Moritz, Colony and Runciman, 1995,
wI \ /–:

[“” ‘---(b) Mean Ice Velocity : Apr 92 -Sep 92

divergence units = 10”’-f3/sec
s c a l e :  9  cm)s . -——)
scale: 6 cm/s =
scale: 3 Cm/s s ‘7 ~’j$jffyjy
Moritz, Colony and Runciman, 1995.
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‘(c) Mean Ice Velocity : Sep 92-Apr 93 E

dlVWgenCf2  units= 10* ’.8/see
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